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COMPRESSIVE  PROPERTIES  OF  HARD  TOOTH  TISSUES 

AND 

SOME  RESTORATIVE  MATERIALS* 


Abstract 


An  Improved  method  for  preparing  cylinders  of  enamel  and 
dentin  has  been  developed.  The  method  entails  the  use  of  a 
jeweler's  lathe  and  a hydraulic  handpiece.  In  addition  to  the 
hard  tooth  tissues,  cyllnderlcal  specimens  --  approximating  the 
size  of  the  samples  of  tooth  structure  --  of  silicate  cement, 
zinc  phosphate  cement,  amalgam  alloy,  inlay  casting  gold  alloys, 
plastic  teeth  and  direct  filling  resin  have  been  tested . The 
physical  properties  in  compression  for  enamel  range  from  1.4  x 10° 
to  9.1  X.  10^  psi  for  modulus  of  elasticity j from  10,200  to  32,500 
psl  for  proportional  limit  and  from  13^700  to  42,300  psi  for  com- 
pressive strength  depending  upon  location;  that  is,  cusp,  side 
or  occlusal  surface,  type  of  tooth  and  orientation  of  structure . 
Dentin  ranged  from  1.1  x 10^  to  2.4  x 10^  psl  for  modulus  of 
elasticity,  from  12,500  to  24,400  psi  for  proportional  limit 
and  from  30,000  to  42,300  psl  for  compressive  strength.  The 
values  for  these  properties  of  the  restorative  materials  ranged 
from  0,27  x 10^  to  11'78  x.  10^  psi,  from  6,400  to  33^700  psl  and 
from  9j700  to  57,800  ps*i,  respectively. 

*This  investigation  was  supported  in  part  by  research  grant  D-601, 
Properties  of  Human  Enamel  and  Dentin  in  Compression,  to  the 
American  Dental  Association  from  the  National  Institute  for  Dental 
Research. 
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1,  INTRODUCTION 

The  physical  properties  in  compression  of  hard  tooth  tissues 
and  of  some  restorative  materials  have  been  determined.  The 
methods  for  preparing  and  testing  very  small  cylinders  were  more 
precise  than  those  previously  reported.^  The  properties  de- 
termined were  modulus  of  elasticity.,  proportional  limit  and 
compressive  strength.  It  was  thought  that  the  knowledge  of 
these  properties  might  be  of  assistance  in  designing  cavity 
preparation,  in  evaluating  dental  filling  materials,  and  in 
demonstrating  possible  physical  changes  in  teeth  with  age,  in 
pulp  disease  and  death,  and  in  different  environments  of  develop- 
ment 0 

A review  of  previous  determinations  of  physical  properties 
of  hard  tooth  tissues  was  presented  in  1958.^  At  about  the 
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time  of  that  report  data  were  published  by  Craig  and  Peyton 
on  the  elastic  and  mechanical  properties  of  human  dentin  giving 
values  of  2,4  x 10^  to  2.7  ^ 10^  psi,  24,200  psi  and  43^100  psl 
for  modulus  of  elasticity,  proportional  limit  and  compressive 
strength,  respectively.  These  values  agree  within  experimental 
limits  with  those  of  Stanford  and  others^  in  1958. 

2.  PREPARATION  OF  SPECIMENS 

Cylindrical  specimens  were  prepared  of  enamel  and  dentin 
from  different  areas  in  the  same  teeth,  different  orientations 
of  the  structure,  deciduous  teeth,  pulpless  teeth,  teeth  of 
different  ages,  and  teeth  from  an  endemic  area  of  fluoride. 
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The  teeth  from  which  the  specimens  were  to  be  prepared 
were  sectioned  into  blocks  of  tissue  which  were  subsequently 
mounted  in  small  collets  in  the  jeweler's  lathe  shown  in  Figure  1. 
Diamond  instruments  mounted  in  a hydraulic  handpiece  (Figure  2A) 
were  utilized  as  the  cutting  tools.  A fine  spray  of  water 
(Figure  2B)  was  provided  for  lubrication  and  cooling  during 
the  cutting  operation.  The  combined  free  running  speed  of 
rotation  of  the  diamond  instrument  and  block  of  tooth  structure 
(Figure  2C)  was  approximately  55^000  rpm.  Light  cuts  (about 
0.005  in.  depth  of  cut)  were  made  across  the  end  of  the  block 
in  order  to  true  that  end  so  that  it  would  be  perpendicular  to 
the  sides  of  the  finished  cylinder.  Part  of  the  block  was  then 
ground  to  a cylindrical  shape.  At  this  point  the  specimen  was 
removed  from  the  collet  and  turned  end  for  end  so  that  the  ex- 
cess tissue  could  be  removed  and  the  ends  of  the  specimen  made 
plane  and  parallel.  The  specimens  were  placed  in  distilled 
water  until  tested.  It  should  be  pointed  out  that  due  to  the 
extreme  brittleness  of  enamel,  it  is  very  difficult  to  pre- 
pare perfect  cylinders  even  with  the  refined  method  of  pre- 
paration. The  data  which  appear  later  in  this  report  were 
determined  on  specimens  of  enamel  which  showed  no  visible 
chipping  or  fractures  under  approximately  thirty  times  magni- 
fication. The  number  of  specimens  accepted  and  tested  was 
less  than  fifty  percent  of  those  prepared. 
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The  cylindrical  specimens  of  restorative  materials, 
approximating  the  sizes  of  the  samples  of  tooth  structure, 
were  fabricated  in  various  ways.  Those  of  three  brands  of 
silicate  cement  and  the  direct  resin  filling  material  were 
prepared  by  the  method  for  compressive  strength  tests  out- 
lined in  American  Dental  Association  Specification  No.  9 
for  dental  silicate  cement.  Specimens  of  three  brands  of 
zinc  phosphate  cement  were  prepared  by  the  method  outlined  in 

American  Dental  Association  Specification  No.  8 for  dental 
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zinc  phosphate  cement.  The  plastic  teeth  were  sectioned  into 
rectangular  blocks  which  were  then  reduced  to  cylindrical 
specimens  on  the  lathe.  The  three  dental  amalgam  alloys  were 
mixed  and  packed  following  the  respective  manufacturer's 
directions  as  closely  as  conditions  permitted.  The  specimens 
of  the  hard,  medium  and  soft  inlay  casting  gold  alloys  were 
prepared  from  cast  rods.  The  rods  were  cut  into  appropriate 
lengths  and  then . reduced  in  dimensions  on  the  lathe.  With  the 
exceptions  of  the  inlay  casting  gold  alloys  and  the  plastic 
teeth,  all  of  the  restorative  materials  were  tested,  for  their 
compressive  properties,  from  one  to  two  weeks  after  preparation. 

3.  TEST  PROCEDURES 

In  addition  to  refining  the  method  for  preparing  cylinders 
of  hard  tooth  tissues,  the  testing  equipment  previously  de- 
scribed was  replaced  by  an’Instron  Testing  Machine,  a more  sen- 
sitive loading  device  (Figure  3) • A close-up  of  the  rigid 
platen  arrangement  is  shown  in  Figure  4.  The  application  of 
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load  below  the  proportional  limit  was  at  speeds  of  0.001  to 
0.002  in. /min.  As  previously  reported  in  measuring  the  strain^ 
the  small  size  of  the  specimen  (Figure  4a)  made  it  necessary 
to  fasten  the  Tuckerman  Strain  Gauges  (Figure  4b)  to  the  platens 
(Figure  4c).  The  strain  measurements  thus  included  errors  due 
to  deformation  in  those  portions  of  the  steel  platens  within 
the  gauge  length  and  due  to  foundation  or  end  effects.  The 
elastic  deformation  in  the  platens  can  be  corrected  for  by 
the  following  equation,  the  derivation  of  which  can  be  found 
in  the  previous  report^ : 


where ; 

A = corrected  deformation 
Z = observed  deformation 
P = load 

Lg  = gauge  length  of  strain  gauge 

Lg  = length  of  specimen 

Ep  = modulus  of  elasticity  of  the  steel 
platen 

Ap  = cross  sectional  area  of  platen 
dg  = diameter  of  specimen 

Thus,  the  corrected  strain,  e , = A,  and  the  modulus  of 
elasticity  of  the  specimen  is  given  by  the  following  equation: 


Es 


P 

AsB 
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In  order  to  verify  experimentally  the  accuracy  of  the 
testing  equipment  and  correction  procedure,  cylinders  ap- 
proximating the  size  of  tooth  tissue  specimens  of  a magnesium 
alloy,  AZ31A;  an  aluminum  alloy,  2024-14;  and  luclte  were 
tested  In  compression  and  the  results  corrected  as  outlined 
above.  Moduli  of  elasticity  were  also  determined  In  tension 
on  rods  of  these  three  materials.  The  values  for  observed 
moduli  In  compression,  corrected  moduli  In  compression,  ob- 
served moduli  In  tension  and  accepted  moduli  are  given  In 
Table  1. 

Examination  of  Table  1 shows  that  the  corrected  values 
of  moduli  In  compression  agree  within  experimental  limits  with 
the  accepted  values.  In  the  previous  report^  the  corrected 
values  for  moduli  In  compression  did  not  agree  with  the  ob- 
served values  In  tension  or  the  accepted  values.  This  was 
attributed  to  gap  effect  or  apparent  shortening  due  to  Im- 
perfect fit  of  ends  of  specimens  with  the  platens,  and  other 
experimental  errors. 

Parallelism  of  the  ends  of  the  specimens  was  randomly 
checked  by  an  electronic  gauge  system.  The  maximum  degree 
of  nonparallelism  of  the  ends  was  0.0002  Inch.  Therefore, 

It  Is  believed  that  the  refined  methods  of  preparing  and  testing 
the  extremely  small  specimens  has  largely  eliminated  the 
gross  differences  In  corrected  and  accepted  values  for  moduli 
previously  obtained. 
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4.  DISCUSSION  OF  RESULTS 

The  results  for  the  properties  of  the  hard  tooth  tissues 
appear  in  Tables  2 through  8.  The  data  for  dentin  taken  from 
the  crownal  portion  of  molars,  bicuspids,  cuspids  and  Incisors 
(Table  2)  show  that,  in  general  no  significant  differences  in 
modulus  of  elasticity,  proportional  limit  and  compressive  strength 
can  be  attributed  to  a particular  type  of  tooth.  The  averages 
of  results  obtained  appear  to  indicate  that  root  dentin  has 
a lower  modulus  (1.4  x 10^  psi)  than  does  crownal  dentin 
(1.9  X 10^  psi).  Also  root  dentin,  in  general,  exhibits  a 
lower  proportional  limit  and  compressive  strength  than 
crownal  dentin.  However,  when  the  ranges  of  values  determined 
are  examined,  the  differences  cited  may  not  be  significant. 

Enamel  (Table  3)  taken  from  the  cusp  of  cuspids  (Figure  5A) 
exhibited  higher  modulus  of  elasticity,  proportional  limit 
and  compressive  strength  than  enamel  from  the  incisal  edge 
(Figure  5B) . The  values  for  the  properties  determined  on 
specimens  of  enamel  from  the  labial  side  (Figure  5C)  fall 
in  between.  There  appeared  to  be  an  increase  in  stiffness 
(modulus)  when  testing  severely  mottled  enamel  from  the 
cusp  or  labial  side  of  cuspids  from  patients  living  in  an 
endemic  area  of  fluoride.  The  results  for  enamel  taken 
from  the  incisal  edge  showed  no  difference  in  modulus  when 
the  environment  of  development  is  examined.  The  data  appear 
to  warrant  further  investigation  in  consideration  of  this 


factor . 


In  addition,,  specimens  of  enamel  were  taken  from  molars 
(Table  4).  The  data  show  that  enamel  from  molars  (Figure  6c, 
cusp  and  Figure  6d,  side)  exhibits  about  the  same  properties 
as  does  that  from  cuspids.  The  low  modulus,,  proportional 
limit  and  compressive  strength  for  enamel  taken  from  trans- 
verse sections  (Figure  6f),  that  is,  sections  parallel  to 
the  occlusal  plane,  of  the  teeth  appear  to  agree  well  with 
those  of  occlusal  enamel  taken  from  longitudinal  sections 
(Figure  6e,  sections  perpendicular  to  the  dentino-enamel 
junction) . This  would  confirm  the  previous  observations^ 
if  it  is  assumed  that  the  general  direction  of  the  enamel 
rods  in  specimens  taken  from  these  two  areas  would  be  length- 
wise and  if  the  primary  failure  were  in  the  bonding  material . 

Dentin  was  also  examined  from  the  standpoint  of  en- 
vironment of  development.  The  results  (Table  5)^  as  might 
be  expected,  show  no  significant  differences  in  the  three 
physical  properties  determined. 

In  order  to  determine  if  possible  the  effect  of  the  death 
of  the  pulp  on  the  physical  properties  of  hard  tooth  tissues, 
three  pairs  of  corresponding  vital  and  pulpless  incisors 
(condition  cited  was  at  time  of  extraction)  were  utilized. 

The  patients  from  which  these  teeth  were  extracted  were  thirty 
years  of -age  or  younger.  The  times  of  death  of  the  pulps 
were  not  available.  The  crownal  portions  of  the  pulpless 
teeth  were  carious  or  largely  artlflcally  restored  so 
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that  only  the  root  portion  could  be  used  for  comparison  with 
the  roots  of  vital  Incisors.  The  data  (Table  6)  show  no  signifi- 
cant differences  when  the  results  for  the  three  physical  proper- 
ties are  compared.  It  is  possible  ' 'that  the  time  between  death 
of  the  pulp  and  extraction  may  have  been  too  short  for  sufficient 
physical  changes  to  have  taken  place  which  would  be  revealed  by 
these  tests. 

The  physical  properties  of  enamel  and  dentin  taken  from 
three  deciduous  molars  were  also  determined.  The  data  (Table  7) 
show  that  enamel  specimens  taken  from  the  cusps  exhibit  higher 
stiffness,  proportional  limit  and  compressive  strength  than 
those  taken  from  the  buccal  side.  The  values  for  the  three 
properties  determined  on  deciduous  enamel  agree  very  well,  as  do 
the  values  for  deciduous  dentin,  with  values  for  these  two 
tissues  from  permanent  teeth  (Tables  2 and  3j  respectively). 

No  attempt  had  been  made  to  determine  tubule  direction 
in  the  specimens  of  crownal  dentin  as  there  did  not  appear 
to  be  any  significant  differences  in  values  determined  for 
the  various  types  of  teeth  (Table  2).  However,  specimens 
were  taken  from  sections  prepared  longitudinally 5 that  is, 
from  the  occlusal  surface  through  the  enamel  into  the  crownal 
dentin  to  the  pulp  chamber  of  a molar  (Figure  6a) . In  addition, 
specimens  were  taken  from  sections  prepared  transversally ,*  that 
is,  in  the  occlusal  plane  of  another  molar  (Figure  6b) . Both 
teeth  were  from  the  same  patient.  The  data  (Table  8)  do  not 
show  significant  differences  in  the  values  for  the  three 
properties;  thus,  the  original  orientations  of  the  dentin  in 
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the  teeth  do  not  appear  to  Influence  the  physical  properties. 

2 

This  substantiates  the  conclusion  reached  by  Craig  and  Peyton. 

The  compressive  properties  of  some  restorative  materials  are 
shown  In  Table  9.  The  materials  are  arranged  in  increasing 
order  of  stiffness  (modulus  of  elasticity) . The  stiffness  and 
compressive  strength  of  enamel  and  dentin  are  higher  than  those 
of  the  restorative  materials  tested,  with  the  exception  of 
amalgam  and  both  the  medium  and  hard  Inlay  casting  gold  alloys. 

No  true  compressive  strengths  of  the  inlay  casting  gold  alloys 
could  be  determined  as  the  specimens  flattened  Into  plates 
from  plastic  flow  with  constantly  changing  surface  contact 
of  the  specimens  with  the  platens.  While  the  stiffness  of 
the  silicate  cement  was  of  the  same  order  as  dentin.  Its  pro- 
portional limit  and  compressive  strength  were  lower. 

Stress-strain  diagrams  which  were  determined  experi- 
mentally for  enamel,  dentin  and  the  restorative  materials 
appear  in  Figure  7.  The  differences  in  stiffness  of  the 
tissues  and  restorative  materials  can  easily  be  seen  when 
one  compares  the  slopes  of  the  straight  line  portions  of  the 
stress-strain  curves . The  steeper  the  slope  the  stlf fer 
the  tissue  or  material.  A degree  of  measure  of  brittleness 
can  also  be  ascertained  from  these  curves.  When  the  stress- 
strain  curve  deviates  from  the  straight  line  relationship; 
that  is;  when  the  increment  of  strain  produced  for  equal 
stresses  applied  are  not  constant,  then  the  proportional 
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limit  of  the  material  has  been  reached.  Materials  such  as 
amalgam  (Figure  7F)j  inlay  casting  gold  alloys  (Figure  7A, 

B,  D)  direct  resin  filling  material  (Figure  71),  zinc 
phosphate  cement  (Figure  7H ) ^ and  human  dentin  (Figure  7G) 
exhibit  greater  plastic  flow  than  silicate  cement  (Figure  7E) 
and  enamel  (Figure  7C)  specimens  of  which  fracture  soon  after 
reaching  the  proportional  limits  showing  a high  degree  of 
brittleness.  (The  extreme  plastic  flow  of  the  inlay  casting 
gold  alloys  could  not  be  plotted  due  to  the  constantly  changing 
cross-sectional  area  making  the  calculations  of  stress  applied 
impossible . ) 

5.  SUMMARY  AND  CONCLUSIONS 

1.  Improved  methods  of  preparing  and  testing  specimens 
of  hard  tooth  tissues  have  been  developed. 

2.  The  values  for  the  three  physical  properties  of 
dentin  do  not  appear  to  be  affected  by  the  type  of  tooth 
or  the  original  orientation  of  the  dentin  as  to  tubule 
direction.  On  the  average  root  dentin  appears  to  have 
lower  values  for  physical  properties  than  does  crownal 
dentin.  Howeverj  the  ranges  of  values  for  individual 
specimens  of  root  and  crownal  dentin  overlap. 

3.  The  properties  of  enamel  appear  to  depend  on  the 
orientation  and  original  location^  of  the  samples  tested, 
in  the  tooth.  Enamel  is  stiffen  (higher  modulus  of 
elasticity)  than  dentin  and  exhibits,  in  some  locations 
(cusp)  a compressive  strength  equal  to  or  similar  to  that 
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of  dentin.  The  present  data  do  not  warrant  any  definite 
conclusion  as  to  the  apparent  increase  in  stiffness  of 
enamel  when  taken  from  patients ' teeth  developed  in  an 
endemic  area  of  fluoride  over  that  from  teeth  where  no 
fluoride  was  present  during  development. 

4.  No  significant  differences  were  determined  in  the 
compressive  properties  of  root  dentin  from  vital  and  pulp- 
less incisors. 

5.  The  compressive  properties  of  deciduous  enamel 
and  dentin  are  similar  to  those  of  the  permanent  tissues. 

6.  A comparison  of  the  compressive  properties  of 
the  restorative  materials  tested  and  the  hard  tooth 
tissues  shows  that  the  stiffness  and  compressive  strength 
of  enamel  and  dentin  are  higher  than  those  of  the  restora- 
tive materials  tested  with  the  exception  of  amalgam  and 
both  the  medium  and  hard  inlay  casting  gold  alloys. 
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TABLE  3 

Compressive  Properties  of  Enamel 
( Cuspids ) 

Environment  of  Development 
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TABLE  4 

Compressive  Properties  of  Enamel 
(Location  and  Orientation) 


o 

o 

o 

o 

CD 

o 

o 

o 

o 

> 

Cft 

CM 

ft 

CM 

•H 

•\ 

n 

CQ  ft 

-d- 

OJ 

Cft 

Cft 

CQ  -P 

•H 

+1 

+1 

+1 

+1 

CD 

bD 

CQ 

o 

o 

O 

O 

U 

d 

ft 

o 

o 

O 

o 

ft  (D 

CO 

ft 

P 

p 

g 

P 

•\ 

O ft 

[>- 

p' 

(ft 

CO 

ft 

O 

CO 

oo 

Cft 

1 — 1 

1 — 1 

0) 

d 

•H 

1 — 1 

o 

o 

o 

o 

s 

cd 

o 

o 

o 

o 

p 

d 

CO 

CO 

Cft 

1 — 1 

(D 

o 

•v 

•> 

ft 

•H 

ft 

eft 

I — 1 

CM 

CM 

(U 

P> 

CQ 

+1 

+1 

+1 

+1 

P 

P 

ft 

o 

o 

O 

O 

O ft 

o 

o 

O 

O 

ft  ft 

in 

o 

CM 

Cft 

ft 

o 

£ 

•\ 

•\ 

P 

p 

•H 

OJ 

t- 

o 

P 

(U 

ft  ft 

Cft 

cvj 

1 — 1 

1 — 1 

ft 

o 

p 

!>i 

* 

Ph 

ft 

Td 

•H 

Vft 

Cft 

Cft 

Cft 

ft 

CD 

CQ 

• 

• 

• 

• 

o 

ft 

ft 

O 

o 

o 

O 

ft 

^ o 

ft 

+1 

+1 

+1 

+1 

ft 

ft  CD 

O 

0- 

p 

00 

CQ 

^ P 

1 — 1 

• 

• 

• 

• 

cd 

P 

fx; 

ft) 

p 

1 — 1 

I — i 

1 — 1 

o 

M 

o 

ft 

o 

Td 

•H 

LA 

CM 

CM 

CM 

CQ 

CD 

CQ 

• 

• 

• 

• 

d 

> 

ft 

O 

o 

o 

o 

ft 

— P 

ft 

+1 

+1 

+1 

+1 

d 

Cd  CD 

o 

o 

p 

Cft 

ft 

■ — CQ 

1 — 1 

• 

• 

• 

• 

o 

ft 

fx; 

LA 

Cft 

1 — i 

1 — 1 

S 

o 

p 

CD 

ft 

• 

ft 

CD 

d 

CA 

00 

Cft 

I — 1 

o 

£ 

•H 

Cft 

Cft 

Cft 

Cft 

cd 

O 

O 

o 

o 

CQ 

•H 

• 

• 

• 

• 

d 

CQ 

p 

o 

o 

O 

o 

o 

d 

CD  ft 

CD 

hO  CQ 

£ 

ft 

cd  <d 

ft 

ft 

• 

1 — 1 

CO 

1 — 1 

Cft 

U (D 

o 

hO 

d 

ft 

LA 

P 

P 

(D  £ 

CD 

d 

ft 

o 

o 

o 

o 

t>  *H 

ft 

CD 

• 

• 

• 

• 

< ft  ca 

P 

o 

o 

o 

o 

ft  1 

O ft 

o 

CQ 

o^ 

I — 1 

ft 

• (D 

d 

1 — 1 

1 — 1 

1 — 1 

ft 

O ft  (U 

S CO 

£ 

1 — 1 

1 — 1 

1 — 1 

1 

d 

1 cd 

1 cd 

1 

1 cd 

d 

o 

ft  d 

ft  d 

CQ  CD 

•H  d 

(D 

ft 

hO  *H 

bD  *H 

d w 

hO  ”H 

•H 

ft 

d ft 

d ft 

cd  p 

d o 

cd 

o d 

o d 

P CD 

0 d 

O ft 

P -p 

P -p 

P > 

p -p 

d 

1 — 1 CD 

O 

cd  o 

•H 

CQ  cd 

ft 

d P 

cd 

ft 

CD 

p P 

o 

CQ 

ft 

o d 

o 

d 

ft 

o ca 

ft 

o 

ca 

o 

c 

o 

•H 

■P 

cd 


o 

Cm 

0) 

TO 

td 

C 

cd 

CQ 

d 
(D 
-P 
cd 
I — I 
ft 

(D 

-P 

ft 

O 

faO 

d 

•H 

d 

(D 

-P 

Sh 

O 

CQ 

O 

•H 

-P 
CQ 
Cd 
I — I 
(1) 

U 

o 

ft 


Td 

0) 

-p 

o 

(D 

U 

U 

O 

o • 

CQ 

l>5  0) 

■P  O 
•H  cd 
O ft 

•H 

■p  dS 
tn  CQ 


cd 

ft  C 
o 0) 

-p 
ft  cd 
o ft 


ft 

CQ 

;zS  (D 
ft  ft 
ft 
Td 

o ft 
S o 


I — I 

I — 1 
< 

Td 

!d 

cd 

CO 

I — 1 


(V 

CX) 

I — 1 
< 


( 


r 


L 


TABLE  5 

Compressive  Properties  of  Dentin 
Environment  of  Development 


o 

o 

0 

o 

o 

> 

LO 

m 

•H 

•v 

0 ft! 

[>- 

VD 

ra 

P 

•H 

+1 

. +1 

0 

bO 

CO 

o 

O 

U 

ft 

o 

o 

ft  0 - 

CO 

OA 

B 

•N 

o 

P 

00 

LO 

o 

CO 

cn 

(ft 

1 — 1 

o 

o 

ft 

0 

o 

o 

CD 

C 

ift 

o 

o 

•H 

•H 

•H 

OJ 

1 — 1 

s 

P 

ra 

+1 

+1 

u 

ft 

o 

o 

0) 

O 

P 

o 

o 

p 

ft  ft 

CO 

o 

CD 

O 

S 

•N 

•\ 

ft 

CO 

o 

Ph  i-P 

t — 1 

(M 

P 

in 

l>5 

* 

0 

p 

ft 

•H 

on 

CM 

ft 

•H 

0 

m 

• 

• 

O 

o 

P 

ft 

o 

o 

ft 

— ^ O 

VD 

+1 

+1 

ft 

p 

ft  0 

O 

C7^ 

[ft 

m 

u 

1 — 1 

• 

• 

0 

u 

!xi 

1 — 1 

1 — 1 

1 — 1 

o 

M 

o 

ft 

O 

ft 

•H 

(ft 

CVJ 

ra 

0 

m 

• 

• 

0 

> 

ft 

O 

o 

ft 

u 

VD 

+1 

+1 

0 

0 0 

O 

00 

ft 

■ — W 

1 — i 

• 

• 

O 

ft 

><; 

1 — 1 

1 — 1 

2 

O 

u . 

0 

p 

• 

ft 

0 

(J^ 

o 

O 

s 

•H 

(ft 

ft- 

cd 

o 

o 

02 

•H 

• 

• 

c 

w 

p> 

o 

o 

O 

C 

0 ft 

0 

hO  02 

B 

ft 

cd  c: 

•H 

p 

• 

LT\ 

Cft 

0 

O 

bO 

MO 

0 B 

0 

C 

•H 

o 

o 

t>  *H 

ft 

0 

• 

• 

< P CO 

ft 

o 

o 

ft 

ra 

O 

C 

0 

u 

B 

0 

•H 

LT\ 

00 

ft 

O 

1 — 1 

B 

0 

ft 

S CO 

p 

0 

C 

ft 

0 

•H 

0 

B 

!h 

ft 

C 

O 

O P 

O 

0 

•H  pH 

u 

ft 

B o 

•rH 

ft 

0 0 

> 

ft  ft 

id 

o 

0 ft 

M 

ft 

ft 

c 

O 

•H 

■P 

cd 


o 

(D 

T3 

C 

cd 

CQ 

s:: 

o 

p 

cd 


ft 

CD 

ft 

P 

ft 

o 

faO 

ft 

•H 

c 

CD 

P 

U 

O 

ft 

03 

O 

•H 

P 

02 

Cd 

I — i 
0) 

U 

O 

ft 

ft 

<D 

P 

O 

CD 

U 

O 

O • 
02 
CD 

P o 
•H  cd 
o ft 
•H  in 
p ;:d 
02  02 
cd 

I — I C 
CD  CD 
P 
ft  Cd 

o ft 
ft 

CQ 

^ CD 
ft  ft 
^ ft 
ft 

O ft 
S o 
* 


00 
I — I 
< 

ft 

c 

cd 

C^J 

i>- 

ft 

< 


CM 
VO 
I — I 
< 


CO 

I — I 
< 


CQ 

U 

o 

CQ 

•H 

O 

C 

H 

CQ 

CO 
1 — I 
ft 

I — I 
ft 

cd 

c 

VD  I — I *H 
oj  -P 
-p  d 
M *H  CD 
ft  > ft 

m 

ci;  ft  -p 
E-I  O O 
o 

CQ  ft 

•H 

■P 

U 

CD 

ft 

O 

u 

ft 

CD 

> 

•H 

CQ 

CQ 

CD 

U 

ft 

s 

o 

o 


o 

o 

0 

o 

o 

> 

0- 

•H 

0 ft 

oo 

CO 

0 

P 

•H 

+1 

+1 

0 

bO 

CO 

o 

o 

0 

0 

ft 

o 

o 

ft  0 

o 

Vft 

e 

0 

n 

o 

P 

o 

OJ 

o 

CO 

Cft 

oo 

1 — 1 

o 

o 

ft 

0 

o 

o 

0 

0 

Lft 

a^ 

0 

O 

•s 

•H 

•H 

•H 

1 — 1 

1 — 1 

s 

P 

CO 

+1 

+1 

0 

0 

ft 

o 

o 

0 

O P 

o 

o 

P 

ft  *H 

1 — 1 

CJ^ 

0 

O 

S 

ft 

0 

•H 

CO 

CJ^ 

ft  ft 

1 — 1 

1 — 1 

P 

0 

!>5 

* 

•H 

Ift 

CM 

0 

P 

ft 

0 

• 

. 

ft 

•H 

0 

ft 

o 

o 

O 

O 

P 

ft 

+1 

+1 

0 

•H 

O 

O 

Lft 

VD 

ft 

P 

ft  0 

1 — 1 

• 

0 

— ' 0 

1 — 1 

1 1 

0 

0 

— 1 

O 

w 

O 

ft 

o 

ft 

•H 

in 

<M 

0 

0 

0 

• 

. 

0 

> 

ft 

o 

O 

rH 

0 

ft 

+1 

+1 

0 

0 0 

O 

ft- 

Lft 

ft 

— >■  0 

1 — 1 

• 

. 

o 

ft 

X 

rH 

1 — 1 

s 

o 

0 

0 

P 

• 

ft 

0 

0 

CJ^ 

00 

o 

S 

•H 

ro 

oo 

0 

o 

o 

w 

•H 

• 

0 

0 

ft 

o 

o 

O 

0 

0 -H 

0 

hO  0 

s 

ft 

0 0 -H 

p 

« 

CJ^ 

1 — 1 

0 0 

o 

hO 

0 

h- 

t>- 

0 S 

0 

0 

•H 

O 

o 

!>  "H 

ft 

0 

• 

< ft  OQ 

ft 

o 

o 

ft 

0 

O 

0 

0 

0 

0 

H 

CO 

VD 

ft 

O 

s 

0 

0 

ft 

S CO 

0 

0 

0 

o 

0 

0 

1 — I 

1 — 1 

•H 

cd 

ft 

O 

4-^ 

rH 

0 

•H 

0 

H 

> 

ft  1 

1 

cd 

S 


P 

o 

ft 

CD 


t3 

d 

Cd 


m 

a 

CD 

■P 

Cd 


ft 

CD 

ft 

P 


CM 

VD 

rH 

< 


ft 

O 

hO 

C 

•H 

f:: 

CD 

p 

!h 

O 

ft 

CQ 


ft 

c 

cd 

00 

ft" 

I — I 


o 


p 
CQ 
Cd 
I — I 

CD 

o 

ft 

ft 

CD 

4J  . 

O CQ 
0 0 
!h  O 

U cd 
o ft 

O U 
. p 

>3  w 

p 

•H  C 
O 0 

•H  P 
P 0 
ra  rH 
0 ft 

I — I 

0 0 

ft 

ft  P 
O 

ft 
ra  o 
0 

rH  0 

0 O 
ft  -H 

O P 

s 

* 


I 

I 

I 

I 

I 

I 

r 

I 

i 

I 

i 

1 

I 

i 

I 

t 

t 


I 


TABLE  7 

Compressive  Properties  of  Enamel  and  Dentin 


I 

I 


CO 

U 
d 
I — I 

o 

S 

CO 

o 

•H 

o 

<u 

p 


o 

o 

o 

0 

o 

o 

o 

> 

o 

on 

on 

•H 

to  ft 

CO 

-p 

VD 

m 

P 

ft 

+1 

+1 

+1 

0 

bD 

to 

o 

o 

O 

fn 

P 

ft 

o 

o 

o 

ft  0 

on 

VD 

on 

s 

P 

*\ 

•> 

•> 

O 

P 

CM 

CVJ 

CVJ 

o 

CO 

P" 

CVI 

p 

1 — 1 

O 

o 

o 

ft 

cd 

o 

o 

o 

0) 

C 

LA 

VD 

p 

c 

o 

»» 

•H 

•H 

P 

LA 

B 

P 

ft 

+1 

+1 

+1 

U 

u 

m 

o 

o 

O 

0) 

o 

P 

ft 

o 

o 

O 

p 

ft  'H 

LO 

VD 

CA 

o 

O 

S 

•» 

Q 

u 

•H 

CO 

CA 

CVJ 

ft  p 

CVJ 

1 — 1 

CVJ 

P 

U 

* 

0) 

P 

ft 

ft 

1 — 1 

CJV 

CVJ 

ft 

ft 

0 

CO 

• 

• 

• 

o 

O 

p 

ft 

1 — 1 

o 

o 

fn 

ft 

— ^ o 

VD 

+1 

+1 

+1 

ft 

P 

ft  0 

O 

[p 

p 

OV 

to 

p 

ft 

• 

• 

• 

cd 

p 

!x! 

p 

on 

1 — 1 

1 — 1 

O 

M 

o 

ft 

O 

ft 

ft 

CO 

p 

CVJ 

m 

0 

CO 

• 

• 

• 

P 

> 

ft 

o 

o 

o 

ft 

— P 

VD 

+1 

+1 

+1 

P 

Cd  0 

O 

0^ 

VD 

p 

ft 

■ — CO 

1 — 1 

• 

• 

• 

O 

ft 

LA 

CVJ 

ft 

S 

O 

P 

0 

p 

. 

ft 

0 

P 

CO 

ft 

CA 

O 

B 

ft 

CVJ 

on 

on 

cd 

o 

o 

o 

CO 

*H 

• 

• 

• 

c: 

w 

p 

o 

o 

o 

O 

p 

0 'H 

0 

bO  CO 

B 

ft; 

cd  C 

•H 

p 

. 

p 

on 

VD 

0 

O 

bO 

P 

CVJ 

on 

P 

(D  S 

0 

P 

ft 

o 

o 

O 

t>  *H 

ft 

0 

• 

• 

• 

< P ca 

P 

o 

o 

o 

ft  w 

o c 

0 

u s 

0 -H 

on 

on 

LA 

ft  o 

B 0 

? ft 

S CO 

1 — 1 

0 

1 — 1 

cd  0 

P 

P 

0 

ft 

O AS 

•H 

ra 

B 

CO 

O ft 

P 

CO 

cd 

p 

p CO 

P 

•H 

P 

o 

m 

0 

W 

P 

I 

cd 

B 

U 

o 

(D 

Td 

c 

cd 


CO 

C 

CD 

-P 

cd 

I — 1 

ft 


(D 

ft 

P 


ft 

O 

hO 

•H 

c 

CD 

P 

o 

ft 

to 


CVJ 
VD 
« — I 
< 


o 

•H 

P 
CO 

cd 
I — I 
<D 

O 
ft 

ft 
0) 
p 
o 
CD 

u 

fn 
O 
O 

P 

•H 

O 

•H 

P 
CO 

cd 

I — I 

o 

ft 

o 

CO 

r— I 

ft  O 
O *H 
S p 
* 


of  the  platen  surfaces. 


TABLE  8 

Compressive  Properties  of  Dentin 
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FIGURE  2 

Glose-up  of  cutting  area 
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FIGURE  3 

Instron  testing  machine 
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FIGURE  4 ' 

Close-up  of  testing  area 

A.  Tooth  specimen 

B.  Strain  gauges 

C . Platens 
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FIGURE  5 
Bicuspid 
Ac  Cusp 

B.  Incisal  edge 


C.  Labial  side 
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FIGURE  6 
Molar 

A.  Longitudinal  sectioning  of  dentin 

B.  Transverse  sectioning  of  dentin 

C.  Enamel^  cusp 

D.  Enamel^  side  - longitudinal  sectioning 

E.  Enamel,  occlusal 

F.  Enamel,  side  - transverse  sectioning 
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FIGURE  7 

Stress-strain  diagrams  of  tooth 
some  restorative  materials 

A.  Hard  Inlay  gold  alloy 

B.  Medium  Inlay  gold  alloy 

C.  Enamelj,  cusp 

D.  Soft  Inlay  gold  alloy 
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tissues  and 

P.  Amalgam 

G.  Dentin 

H.  Zinc  phosphate  cement 

I.  Direct  resin  filling  material 


Silicate  cement 
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THE  NATIOIVAE  KIJnEAU  OE  STANWAUSDS 

TliP  scope  ot  activities  of  the  National  Bureau  o{  Standards  at  its  hcHd(jUartt*rs  in  Wasliiiif'tun, 

0.  Cm  rind  Us  major  laboratories  in  Bmdder,  Colo.,  Is  sUf'Rested  in  the  followltif'  listing  «d  tiu; 
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struments. Magnetic  Measurements,  Dielectrics,.  Engineering  Electronics.  Electronic  Instru- 
mentation. Electrochemistry. 
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Technology.  Length.  Engineering  Metrology. 

tiont*  Temperature  Physics.  Thermodynamics.  Cryogenic  Physics.  Rheology.  Engine  Fuels. 
Free  Radicals  Research, 

Atontle  and  IlndSntlon  Pliysles.  Spectroscopy.  Radiometry,  Mass  Spectrometry.  Solid 
State  Physics.  Electron  Physics.  Atomic  Physics.  Neutron  Physics.  Radiation  Theory. 
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Equipment.  ' 

CIlOinlstryB  Organic  Coatings,  Surface  Chemistry.  Organic  Chemistry.  Analytical  Chemistry. 
Inorganic  Chemistry.  Eiectrodeposllion.  Molecular  Structure  and  Properties  of  Gases.  Physical 
Chemistry.  Thermochemistry.  Spectrochemistry.  Pure  Substances. 

Moclinnlcs*  Sound,  Mechanical  Insiruments.  Fluid  Mechanics.  Engineering  Mechanics.  Mass 
and  Scale,  Capacity,  Density,  and  Fluid  Meters.  Combustion  Controls. 

Organic  and  Fibrous  Mnd<*ri<)ilH.  Rubber.  Textiles.  Paper,  Leather.  Testing  and 
Specifications.  Polymer  Structure.  Plastics.  Dental  Research. 

Mciallurgy*  Thermal  Metallurgy.  Chemical  Metallurgy.  Mechanical  Metallurgy.  Corrosion. 
Metal  Physics. 

Mineral  l*roducts»  Engineering  Ceramics.  Class.  Refractories,  Enameled  Metals.  Concreting 
Materials,  Constitution  and  Microstructure. 

nillldiug  Tccbliology.  Structural  Engineering,  Eire  Protection.  Air  Conditioning,  Heating, 
and  Refrigeration.  Floor,  Roof,  and  Wall  Coverings.  Codes  and  Safety  Standards.  Heat  Transfer. 

Applied  MaClieniaticN.  Numerical  Analysis,  Compulation.  Statistical  Engineering.  Mallie- 
matical  Physics. 

llnia  Froeessiiig  Sysile*nw.  SEAC  Engineering  Group.  Components  and  Techniques.  Digital 
Circuitry.  Digital  Systems.  Anolog  .Syslcins,  Application  Engineering. 

• Office  of  Basic  Instrumentation.  * Ollicc  of  Weights  and  Measures. 

COLOllAllU 

<'ryogeiilc  Fiigine^^rilig.  Cryogenic  Ecpiipmcml.  Cryogenic  Processes.  Pcoperlies  of  Mate- 
rials. Gas  Lfiiuefaction, 

fi&adl<l  fi*i‘apugal.i<iii  E*byNl4;t<i.  Upper  Alniospherc  R(\scaieh,  lonospherij  Research.  Regu- 
lar Propagation  Services,  .Sun-Earlb  Relationships.  VHI’' Researidi.  lonosplierio  Gomniuuiealion 
Systems. 

Itudio  BVopagalioii  Data  Rediielion  lii.siniiiKmlalion.  Modulation  Systems. 

Navigation  Systems.  Radio  Noise.  Troposplierie  Mtuisiireimuils.  'I'lopospherie  Analysis,  Radio 
Sysl«;ms  Applieutiun  Eiigimuiring.  Ra<lio-M(;le(»rology. 

Hludio  .StandardN.  High  Fre(p(em;y  Fle.elii<-al  .Siaiidaids.  Ra«lio  IbomleaM  Serviee.  Higli 
f'icqueney  linpedade'.i  .Slandai'ds.  I'deelionie  Gidibralion  (leiiler.  Minaovaxe  I’liysies.  Mieroaave 
Circuit  .Standards. 


